It has generally been assumed that there is a single focus of attention, representing the current locus of visual processing, which can be moved across the visual field independent of eye movements. The precise details of this "spotlight" view vary among investigators, although it is universally thought to apply to a single contiguous spatial region. There is some disagreement as to the possible shape of the attended region (whether circular or toroidal), whether the extent of the spotlight can be varied by "zooming", under what conditions -voluntary or automaticthe spot can move, whether the spotlight must move continuously, and if so at what speed, or whether it can skip from place to place, and precisely what processing advantage accrues at the current locus. Despite these differences, the idea that a single locus is involved in allocation of processing resources seems widely accepted. And yet there is good reason to doubt that this is the entire story of how spatially local information is accessed in the visual field. In particular, there is reason to believe that even if attention is unitary and spatially focused, there is also a more primitive mechanism for simultaneously indexing several places in a visual field, thus individuating these places and making them directly accessible for further processing. There are both general considerations and some direct experimental data that are relevant to this issue.
in question apply synchronically over several places. Of course it could be that places are scanned in series and their coordinates (or distance and direction of scanning) recorded for each of the places, and then the property is subsequently computed from the internalized synchronic representation. But evidence conerning the speed and accuracy with which we can detect such properties as collinearity over a series of points seems to argue against an alternative that involves prior scanning to locate the elements of the relation (and in any case this leads to the prediction that with more elements or elements further apart it would take longer to decide on whether a property is present -a prediction that is not generally upheld (at least in the cases which we have studied, for example involving discriminating collinearity).
Moreover the scanning-and-encoding option simply internalizes the problem which we have good reason to assume, at least in many cases, is solved by actively consulting the display. In other words, many of our visual tasks are solved not by internalizing some image of a visual scene and operating on it, but by leaving the information where it is in the world and operating directly on
i t a s n e e d e d . T h i s s u g g e s t s t h a t s o m e p e r c e p t u a l p r o b l e m s r e m a i n " s i t u a t e d " , t o u s e t h e
terminology popular in some quarters. To do this, however, at least requires a mechanism that allows multiple access, or potential parallel access to several salient places.
We need to be clear what it means to have potential parallel access to several places. Having access to an object or place is quite different from carrying out an operation on it. The clearest example of an access mechanism is a pointer in a computer data structure. A pointer is a symbol which some process can use to carry out operations on the data referenced by the pointer. A pointer typically occurs as a variable symbol or an argument in a function. Before the function can be evaluated the argument must be bound to some token or object, so when the function is evaluated it is the object pointed to that serves as the operand. If the function has several such arguments then we need to have access to all the objects bound to these arguments, even if the arguments are subsequently treated in some sequence rather than all at once. This is why we refer to the pointers as providing "potential parallel access".
The operands which the visual system operates on may be features or objects located at certain places in the visual field. Having access to these objects means that the visual system has a way to interrogate or to carry out some process over some or all of a set of objects in the visual field that have been indexed, or as we say, FINSTed. Because these features or objects have pointers to them they can be visited or queried in any order determined by the nature of the process which uses them, without first scanning or searching for those places. To have potential parallel access d o e s n o t r e q u i r e t hat all places are processed simultaneously -t h e y m a y o r m a y n o t b e processed in parallel depending on the nature of the task or of the process that operates upon those places. What parallel access does entail is that the access mechanism itself does not constrain the processing to occur in any particular order given by the layout of the places -or indeed to be serially ordered at all.
Notice that if access were through a conventional unitary "spotlight" of attention, then the attentional beam would have to be driven from place to place. So we must still have a theory of the control scheme for moving the attentional beam. A simple and widely adopted scheme is one in which the beam is continuously scanned through space by some analog means -it can be instructed to, say, scan in a certain direction from its current locus. But if attention can be moved to disparate places in arbitrary order or simultaneously to a set of places in the field then we would need an account of the mechanism by which attention could be sent directly to place some x or to some set of places. The control process would have to specify the particular x where the attentional beam must move to and that entails a way to refer to or index x.
What this comes down to is that we need a mechanism for allowing places in a visual scene to a p p e a r i n a r g u m e n t s
t o b o t h v i s u a l p r e d i c a t e s ( f o r e x a m p l e p r e d i c a t e s s u c h a s
Collinear (x1,x2,x3,…,xn) and to commands to allocate processing or attention or to move the eyes to a certain place. Unless there is a mechanism for indexing places then we would have to rely on some sort of scanning process to locate the places and to some kind of location-encoding process to retain their locations. If we want to avoid positing scanning and coordinate-encoding processes then we will have to have a primitive way of sending attention or processing to certain places or of foveating certain places. And we shall argue that there is independent evidence for an indexing mechanism with certain interesting properties.
Some empirical evidence for particular properties of the indexing mechanism.
The FINST hypothesis is really a series of proposals for a primitive mechanism which operates on the early map (or maps) -such as Marr's Primal Sketch or Treisman's Feature Map or
Wolf's Activation Map -and which precedes the allocation of focused attention. It has wide implications, some of which are spelled out in Pylyshyn (1989) . We have been engaged in testing some of the principle ways in which the FINST idea differs from the current unitary attention (spotlight beam) views. The main empirical prediction from the FINST hypothesis that 2 we have been examining is that it is possible to arrange for a small number of features/objects to be directly (and therefore rapidly) accessible to further processing by preselecting, and hence assigning FINSTs to them, in one of several ways -either exogenously by making those features salient (say by abrupt onset) or endogenously by providing a temporary cue to allow subjects to pick them out. These indexes need not be assigned to contiguous items or even to nearby items, but can get assigned to several disparate objects scattered throughout the visual field. Consequently we expect that items so selected will be accessed without search over the display (though the indexed items themselves may be visited serially) whereas other items in the display will have to be located by scanning the display for them. Another assumption of the FINST theory, as it stands at the present time, is that a FINST index is "sticky" and once a s s i g n e d w i l l t e n d t o r e m a i n w i t h t h e f e a t u r e t o w h i c h i t h a s b e e n a s s i g n e d ( t h o u g h n o t necessarily without effort nor without having to be periodically refreshed) even when the latter moves about.
If index e s p r o v i d e a c c e ss to a number of features across the visual field, then one of the consequences should be that it is possible to prepare for simultaneous (or at least rapid and location-independent) examination of several filled-places in vision. This is in contrast with the view which says that attention is not only unitary, but has to be scanned continuously from place to place and/or zoomed to cover smaller or larger regions. Among the evidence we shall discuss a r e e x p e r i m e n t s s h o w i n g that observers can simultaneously track some 3-5 identical ta r g e t objects moving randomly and independently among an array of identical moving (non-target)
objects. Some of this evidence has been published (Pylyshyn & Storm, 1988; Yantis, 1992 ) and others will be summarized here for the first time. Among the lines of evidence we shall cite are t h o s e t h a t s h o w : ( a ) S u b j e c t s c a n v i s u a l l y t r a c k s e v e r a l r a n d o m l y -m o v i n g o b j e c t s u n d e r conditions where their performance could not be explained by a serial scan-and-sample process which scans in an analogue manner at speeds that are anywhere near the range that is generally accepted (Pylyshyn & Storm, 1988) ; (b) tracked objects undergoing form transformations are detected more rapidly than non-tracked objects undergoing form transformations, regardless of the attentional saliency of the form change itself (Sears & Pylyshyn, 1993 ) (c) A "zoom-lens"
v i e w o f v i s u a l a t t e n t i o n c a n n o t a c c o u n t f o r t h i s d e t e c t i o n a d v a n t a g e , b e c a u s e d e t e c t i o n performance is no better for objects lying inside the convex-hull region defined by the tracked objects than it is for objects lying outside that region (Sears & Pylyshyn, 1993) -they are only faster on the disjoint tracked objects themselves; (d) when we cue several (3) (4) (5) locations with rapid onset cues this allows a subject to treat those locations as though they were the only ones examined in the field of view (Burkell & Pylyshyn,1993) ; (e) in such precuing experiments, increasing the distance among precued objects, and the number of intervening objects, does not lead to an increase in the time to access them (as would be the case if they had to be visited by scanning); (f) subitizing phenomena appear to be nicely accounted for in terms of a FINST allocation view if we assume that subitizing can be carried out by an internal enumeration of active indexes, without having to scan the display -and the insensitivity of subitizing to location cues supports this analysis.
In what follows we shall briefly describe a few of the relevant experiments and results.
Review of some experimental findings
Multiple-object tracking studies.
The first direct experimental test of one of the assumptions of FINST theory was a series of studies employing the multiple object tracking task (Pylyshyn & Storm, 1988) . In this task subjects visually tracked a prespecified subset (3 to 6) of a larger number of identical, randomly moving objects (+ signs) in a display. The members of the subset to be tracked (the targets) were identified, prior to the onset of movement, by flashing them on and off several times. While in motion the targets were indistinguishable from the other non-target objects, which made the historical continuity of each target's motion the only clue to it's identity. After a randomly determined interval of tracking (7 -15 s in one experiment, 4 s in another) a square was flashed on the screen (for about 83 ms in one study, 50 ms in another) and subjects indicated whether the flash had occurred on an target object, a non-target object, or somewhere else in the display.
Accuracy was surprising high in this task, although it decreased with increases in the number of targets tracked. This drop in accuracy rates was paralleled by an increase in reaction times.
In this study, one particular condition, with 4 targets and 8 distractors, was analyzed closely, both emp i r i c a l l y a n d t h e o r e t i c a l l y . W e w i s h ed to determine whether a serial process involving scanning a spotlight of attention might be able to reproduce the observed results. A round-robin scan-and-update strategy was therefore simulated to serve as a baseline in comparing observed performance. In this simulation, locations of targets were stored in a table, starting with their initial positions. A single attentional beam was continuously scanned from one stored target location to the next, and the object nearest that location was found and taken as the target. Its actual coordinates were then stored as the updated coordinates for the next cycle. There was always the possibility that at this stage a nontarget (or another target) would get mistaken for the intended target and thus one of the tracked items would be lost. The simulation was carried out using the coordinates and timing of the actual dynamic displays that were used in the multipleo b j e c t t r a c k i n g s t u d y . T h e s i m u l a t i o n w a s r e p e a t e d w i t h different assumed a t t e n t i o n s c a n v e l o c i t i e s , a s w e l l a s s e v e r a l l o c a t i o n -p r e d i c t i o n a n d g u e s s i n g s t r a t e g i e s . I n a l l c a s e s t h e performance of the simulation asymptotes at around 45% at scan speeds below about 100 deg/sec, and increases to 50% at scan speeds as high as 250 deg/sec -the highest rate we have been able to find in the scan literature. Both of these figures are far below the 87% correct mean identification rate actually observed. It was concluded that even with the fastest reported scan rates it was not possible for the task to be carried out at the level of performance actually observed without some parallel tracking. Further, analysis of performance levels that might be expected if subjects were extrapolating trajectories or tracking some subset of n objects at a time and guessing at the remainder, suggested that the number of objects that would have to be tracked in parallel was most likely at least 4.
The multiple object tracking paradigm has been used many times in various laboratories and the basic findings of Pylyshyn & Storm (1988) have been confirmed (e.g. Yantis, 1992) . In our own laboratory we have found that subjects can simultaneously track several independently moving objects under a wide variety of conditions. For example, McKeever & Pylyshyn (1993) used a v a r i a n t o f t h e t r a c k i n g p a r a d i g m t h a t m i n i m i z e d t h e o p p o r t u n i t y f o r s u b j e c t s t o e m p l o y a s u c c e s s f u l guessing strategy. In h i s e x p e r i m e n t s s u b j e c t s t r a c k e d 3 o r 4 t a r g e t i t e m s a n d identified all of the tracked items at the end of every trial. A trial ended with all the items in the display falling into a regular pattern (a clock face, with the extra (non-target) items arranged in the four corners of the screen). Subjects indicated where each of the tracked items came to rest in this pattern. McKeever & Pylyshyn (1993) found that performance continued to be high under t h e s e c o n d i t i o n s : w h e n s u b j e c t s t r a c k e d f o u r t a r g e t s t h e y c o u l d c o r r e c t l y r e p o r t t h e fi n a l positions of all four objects on 20% to 30% of the trials. This was greater than would be expected under a several guessing strategies.
But not all prima facie predictions of the FINST hypothesis are born out in tracking studies. For example it has repeatedly been found that performance depends on the number and nature of non-targets, as well as on certain restrictions on the trajectories of the targets (Yantis, 1992) -contrary to the assumption of independence of the individual tracked objects and the assumption that non-indexed items are not processed beyond the initial activation stage where indexes are initially set. But if only tracked targets were processed then one would expect the number and nature of non-targets to be irrelevant. In fact both McKeever & Pylyshyn (1993) and Sears & Pylyshyn (1993) found that performance deteriorated when there were more nontargets. If indexes allows one to filter out unindexed objects then the filter appeared to leak -much as traditional attentional filters have generally been found to leak. But it is possible that there may be a more principled explanation for this apparent leakiness.
Mckeever & Pylyshyn argued that the decrease in performance with increasing number of distractors might be attributed to both an increase in the number of cases in which an index was transposed to a nontarget, and to the operation of a post-tracking process, such as an errorrecovery routine. There is reason to believe that the tracking task -which involves much more than just indexing moving objects -is effortful and that this is the case because even though indexing an object may be preattentive, maintaining the index requires effort inasmuch as it involves warding off competing events that would take the index away to another object and 3 perhaps even periodically refreshing the index to prevent inhibition or decay. Suppose subjects are able to detect when a target has been lost -at least on some significant number of trials.
Then they might attempt to recover the lost target by searching for the most likely object that might be the target in question. In that case various factors such as the density and the feature properties of the objects on the screen, along with perhaps configural properties of the target set and predictability of their relative motions might be expected to play a role in the recoverability of the lost target. In particular, the more nontargets there are in the vicinity the poorer the recovery might be and the more distinct the nontargets the better the recovery might be expected S e a r s a n d P y l y s h y n ( 1 9 9 3 ) a r g u e d t h a t t h e i n c r e a s e i n r e a c t i o n t i m e s t o t a r g e t f o r m transformations with increases in the number of non-targets was a consequence of (a) the loss of indices pointing to target objects over time (maintaining indexes -as opposed to the indexing process itself -may well require periodic active attention and refreshing or reactivation); (b) the probability that an index will be lost increases with increases in the number of non-targets; (c) when an index is lost subjects cannot distinguish the previously indexed target from the nontargets and thus treats them identically and, (d) as a result they respond to form transformations on previously indexed ("lost") targets no faster than to form transformations non-targets." If this were true, then the RT's to trials where subjects had accurately tracked form-changing targets (and responded quickly to these form changes) would be averaged with the RTs to trials were they had lost form-changing targets (and thus responded more slowly to the form changes), which would produce an apparent increase in RT with increases in the number of non-targets.
To test this hypothesis, Sears and Pylyshyn (1993) asked subjects not only to respond when they had detected an object undergo a form change, but also to indicate whether the object that underwent a form change was a target or non-target. They argued that by using this dual
r e s p o n s e m e t h o d t h e y c o u l d d i s c r i m i n a t e t h e t r i a l s w h e r e a f o r m -c h a n g i n g t a r g e t w a s
successfully tracked (and indexed) from those in which it was lost. Sears and Pylyshyn (1993) found that the number of target form changes erroneously attributed to non-targets increased with increases in the number of non-targets in the display, which they interpreted as confirming that the probability of a target being lost increased with increases in display size. Moreover, they found that the detection of form changes on these lost "targets"
(which were identified as non-targets) was no faster than that for the non-targets themselves and significantly slower than that for the successfully tracked targets. Since the probability of a target being lost increased with display size, this could account for the display size effect for target form changes. In fact, Sears and Pylyshyn (1993) did find that excluding from the RT analysis those trials were subjects had no longer indexed a form-changing target eliminated the display size effect for target form changes (although there was still an effect of display size for non-target form changes).
The multiple-item tracking studies also affirmed one other salient property of FINST index theory not shared by attention-beam theories; that is the prediction that access can be to features distributed in space without any access to points in between. An attention beam offers enhanced processing over a single contiguous region, although several attentional-beam theorists have postulated that the scope of the attentional beam can be varied. This so-called zoom-lens view was forced upon attention theorists by a considerable amount of evidence suggesting that in some tasks subjects are able to attend to more widely dispersed cues than in other tasks (Eriksen & St. James, 1986) . What such a zoom-lens view remains committed to, along with all unitary attention (or attention-beam) theorists, is the ubiquitous idea that attention remains unitary (and hence applies to a contiguous region) even though it might alter its scope (presumably with some decrease in the resources available at each point within the region covered by the attentional beam).
The assumption of a unitary contiguous region of attention being the range of application of all visual processes is not shared by FINST theory. Indeed, the FINST idea is based on the a s s u m p t i o n t h a t a n u m b e r o f d i s t i n c t a n d p u n c t a t e ( l o c a l ) fi l l e d p l a c e s a r e s i m u l t a n e o u s l y i n d e x e d , m a k i n g i t p o s s i b l e f o r s u b s e q u e n t p r o c e s s e s t o a c c e s s t h e m w i t h o u t a c c e s s i n g intervening places. In the Sears & Pylyshyn (1993) tracking studies, direct evidence was found for this assumption. Their data showED that THE detection of form changes was enhanced (in terms of latency measures) only (ON?) at the actual objects being tracked, and not in the region bounded by the tracked target objects. The detection latencies for objects lying within the convex polygon region defined by the targets were no faster than those for objects lying outside this region. A similar result was also reported by Intriligator & Cavanagh (1992) , who used a v a r i a n t o f t h e m u l t i p l e o b j e c t t r a c k i n g t a s k i n v o l v i n g o n l y t w o t a r g e t s m o v i n g i n a r i g i d configuration. They reported that detection latencies for places between the two tracked objects was no faster than elsewhere.
This multiple-item tracking studies provide strong support for one of the more counterintuitive predictions of FINST theory -viz, that so long as indexes are successfully maintained, the indexed items can be treated by the visual system as though they were the only ones in the display. Moreover it appears that it is the indexed objects themselves and not some contiguous region which contains them, that is selected. The punctate nature of the indexing mechanism, as w e l l a s t h e F I N S T a s s u m p t i o n t h a t s e v e r a l p l a c e s c a n b e i n d e x e d i n p a r a l l e l , w a s a l s o d e m o n s t r a t e d c l e a r l y i n a s e r i e s o f q u i t e d i f f e r e n t s t u d i e s b y B u r k e l l & P y l y s h y n ( 1 9 9 3 ) involving stationary objects and a rapid-search paradigm. We now turn to these studies.
Multiple-cue studies.
In a series of studies Burkell & Pylyshyn (1993) showed that a number of disparate items could be precued from among a larger set of similar items and the precued subset could, in a number of important ways, be accessed by the visual system as though they were the only items present.
The studies also showed that all precued items (of which there were 2 to 5) were availablethat it was not a case that improved performance in the cued condition arose from sampling from the subset nor of scanning and searching for the items. The data also showed that cued items further apart did not produce longer access latencies. These results are incompatible with the proposal that items are accessed by moving around a single spotlight of attention. Instead they provide strong evidence in favor of primitive multiple indexing mechanisms such as FINSTs.
T h e e x p e r i m e n t s a l l i n v o l v e d a s e a r c h p a r a d i g m ( T r e i s m a n & G a l a d e , 1 9 8 0 ) a n d h a d t h e following property. In all cases subjects were presented a set of items (totaling 12 or 15 or 24)
together with a target of the sort that would define a conjunction search condition. In such a condition, items vary on pairs of properties (left-vs-right oblique lines, red-vs-green colors), and the target is an item which shares each of its properties with at least one other member of the set -so that it takes a conjunction of properties to identify the target. Many investigators have
shown that in such conjunction search tasks the time to locate the target increases linearly with the size of the search set, with a slope of about 30 or more msec/item in the exhaustive search case when there is no target present and about half that when a target is present (although the exact slope varies a great deal with type of properties used for the disjuncts), thus suggesting a serial, self-terminating search in these cases. If the target was defined by the presence of a single feature (the "feature search" condition) the time to locate it is relatively insensitive to the number of items in the search set: the slope is generally found to be only around 5-10 msec/item and the target is said to "pop out" from the background distractor set. Under these conditions the search is often assumed to be parallel and preattentive since a slope of under 10 msec/item is faster than any known scan-search process. The precise difference between single-feature and conjunction search tasks is not important for the present purpose; all that matters is that they do differ markedly, and that the single-feature search condition shows the "popout" phenomenon, so that if there is any search it is extremely rapid and therefore it is unlikely that the items are searched by a serial scan process.
In the Burkell & Pylyshyn studies, if it were not for the precues the experiments would all be of the conjunction-search type. The task was to indicate whether there was a target among the cued items. All items were preceded by place markers. Cuing was accomplished by the sudden onset of place markers for the cued subset since Yantis & Jonides (1990) showed that abrupt onsets were particularly effective in attracting automatic attention. We found that precuing a subset of 3-5 items resulted in a considerable speedup of search time. Exactly how much the search was speeded up depended on the nature of the subset. The subset itself could constitute either a feature or a conjunction set -the precued items could differ from the target in only one feature or they might share each of two features with the target so that it would require the conjunction of two features to specify the target from among the cued subset items. The reliable finding was that the time to locate the target was significantly longer when the subset was a conjunction subset than when it was a feature subset.
In one of the experiments the size of the cued subset was varied from 3 to 5. When the subset was a feature search set the slope of the latency vs cued set size was found to be about 9 msec/item when there was no target in the subset and 18 msec/item when the set included a target (the effect of subset size was nonsignificant). When the set was a conjunction search set, the slopes were 57 msec/item when the subset did not include a target, and 37 msec/item when there was a target in the subset. Recall that finding the target within the entire set of items always constituted a conjunction search. Consequently the fact that within the cued subset we find the same difference between feature and conjunction search as occurs in the basic search paradigm shows that the subset was being treated as the entire search set. It appears that the noncued items were being ignored, except for a general increase of RT relative to the control case (also examined) where the noncued items were actually absent from the display. This c o n s t a n t i n c r e a s e , c a l l e d " c o s t o f fi l t e r i n g " b y T r e i s m a n , K a h n e m a n & B u r k e l l ( 1 9 8 3 ) , i s expected whenever some aspect of a display has to be filtered out.
Note that in order to do this task subjects had to keep track of and access all the items in the cued subset. Even if unitary attention had to visit each item in the subset, membership in the subset had to be kept track of since it had been marked only by a transitory event (onset of position markers corresponding to the cued subset appeared 100 msec before the subset items themselves and 1500 msecs after the onset of the non-subset position markers). There is no way to do the task of indicating whether the subset contains a target without preselecting all and only the items in that subset, since in at least some of the experiments a target was actually present among the noncued items, though it was not to be counted as a target in that case. Moreover the only way that the observed difference between the feature and conjunction subset could arise is if the cued subset as a whole was being treated as the search set. The fact that the slope for the feature subset was so shallow as to constitute "popout" also suggests that the items in the cued subset may be subject to the kind of "registration" process that feature sets are in search tasks in general (Treisman & Gelade, 1980) . One way that this could happen is if the cued items were being simultaneously strobed or activated and a logical OR of the outputs of the relevant feature d e t e c t o r s o b s e r v e d . T h e actual mechanism involved is current l y t h e s u b j e c t o f t h e o r e t i c a l investigation (Acton & Eagleson 1993) .
Another finding of the Burkell & Pylyshyn studies was that the latency on neither the feature nor t h e c o n j u n c t i o n s u b s e t s i n c r e a s e d w i t h i n c r e a s i n g d i s t a n c e a m o n g t h e c u e d i t e m s . B y
systematically manipulating the dispersion it was possible to measure RT as a function of mean distance. This RT did not increase with increasing distance as predicted by a scanning attentionbeam model -in fact the RT actually decreased slightly, for reasons that are unclear, although may be related to the diffusion of the effects of FINST operations and perhaps some ensuing interference among the closer indexes.
Subitizing studies
There are some clear difference between the process of enumerating small and large numbers of items. These differences are manifest not only in latency functions, but in error rates and confidence ratings (Taves, 1941; Kaufman, Lord, Reese, & Volkmann, 1949) , and subjects' reports of what they do when they enumerate (e.g., Hamilton, 1859; Jevons, 1871; Shrager, Klahr, & Chase, 1983; Van Oeffelen & Vos, 1982a; Warren, 1897) as well as the susceptibility of the two kinds of enumerations to different variables seem (e.g., Frick, 1987; Hunter & Sigler, 1940) . These various findings have lead researchers to conclude that there are two different enumeration processes. One process is specialized for small numbers of items and is effortless, fast and perfectly accurate. This process is called subitizing (Kaufman, Lord, & Reese, 1949;  amended by Jensen, Reese, & Reese, 1950 for reaction time). The second process can handle large numbers of items, but is slow, effortful and error-prone. This process is called counting.
The "elbow" in the reaction time curve is taken to be the boundary between the subitizing and counting ranges. Estimates for the subitizing range vary between 1-3 and 1-7 depending on the paradigm and criterion used to calculate the subitizing range (c.f., Mandler & Shebo, 1982; Atkinson, Campbell, & Francis, 1976) .
(Note that since the present experiments hinge on d e t e r m i n i n g w h e t h e r o r n o t s u b i t i z i n g o c c u r s w i t h v a r i o u s k i n d s o f s t i m u l i i t r a i s e s
methodological questions about how to determine when subitizing has occurred. The method used is described in greater detail in Trick & Pylyshyn, 1993c.) Warren discussed the differences between "perceptual" and "progressive" enumeration in 1897.
Yet no one has definitively explained why two enumeration processes are necessary. In Trick &
Pylyshyn (in press) we suggest that the difference between subitizing and counting arises from the architecture of the visual system. In particular, we argue that subitizing exploits a limited capacity parallel mechanism for item individuation, namely the FINST mechanism which we have already discussed.
We carried out a series of studies (summarized in Trick & Pylyshyn, 1993a; 1993c) providing evidence for the view that a small number of indexes are assigned to primitive distinct features (popout features) and that subitizing is accomplished by merely counting the number of active indexes, without having to spatially scan attention from one item to another. Two kinds of evidence support the claim that subitizing relies on preattentive information that can be obtained from FINST indexes while counting requires spatial attention. First, whenever spatial attention is needed to compute a spatial relation (c.f., Ullman, 1984) or perform feature integration (c.f., Treisman & Gelade, 1980) , subitizing does not occur (Trick & Pylyshyn, 1993a) . Second, the position of the attentional focus, as manipulated by location cue validity, has a greater effect on counting than subitizing latencies (Trick & Pylyshyn, 1993b; Trick & Pylyshyn, 1988) .
The first set of experiments was designed to show that subitizing is not possible when the enumeration task is one in which item individuation requires attentive processing. One of the f e w p u b l i s h e d s t u d i e s t h a t f a i l e d t o p r o d u c e s t r o n g e v i d e n c e o f s u b i t i z i n g h a d s u b j e c t s
enumerating concentric circles (Saltzman & Garner, 1948; c.f. Woodworth & Schlosberg, 1954; Allport; 1975) . However such stimuli have some rather special characteristics: the nearest and most similar contours come from different items, they are necessarily of different sizes, and being concentric they share a common center. For the present purposes in was important to determine which factor caused concentric items to be so difficult to enumerate. There were three conditions in these experiments. In the Same Size condition subjects were required to enumerate uniformly sized rectangles that were defined by four edges in a bounding contour (in each display all the rectangles might be small, medium, or large, but they were all the same). In the Different Size condition at least one of the rectangles was different in size from the others.
Finally, in the Concentric condition subjects were required to enumerate concentric rectangles.
There was clear evidence of subitizing in both the Same and Different Size conditions; 12 of 12 subjects showed the appropriate deviations from linearity resulting from an increase in slope after 3 or 4. In contrast, in the Concentric conditions, only 2 of 12 subjects showed deviations from linearity at all -and in particular the deviations resulting from an increase in slope.
Moreover, for the Concentric condition the slope in the 1-3 range was approximately the same as the slope in the 5-7 range. Both slopes were comparable to the slope in the 5-7 range in the other two conditions. Thus, in cases where spatially serial analyses are required to resolve items as wholes, in cases where parallel preattentive processes would be expected to group contours from different items together to form units, subitizing was not evident. Yet none of the subjects had difficulty subitizing multiple contour items of different sizes.
Of course there is the possibility that the result arose from the fact that contours were closer together in the Concentric than Same and Different Size conditions, so that lateral masking between contours from different items might explain the absence of subitizing in the Concentric condition. For this reason a second study was performed in which subjects were required to enumerate the straight lines and right angles that made up the sides and corners of the concentric rectangles. All subjects were able to subitize both corners and lines, even though the corners were of uniform size and the lines varied by a factor of 30. In fact, there was no significant difference between the latencies to count parallel lines and corners, and most particularly not in the subitizing range. Moreover, both subitizing slopes were within 2 msec of those for uniformly sized rectangles. Therefore, concentric items are difficult to subitize because the items have a common focus and are one inside another, rather than because of the variety of item sizes or the proximity of contours from different items.
A third study investigated the ability to subitize when the enumeration task required computing a spatial relation. According to Ullman (1984) and (Jolicoeur, 1988; Jolicoeur, Ullman, & Mackay, 1986) , serial attentive processes are required to compute the "connected-to" relation. In the present experiment, subjects were presented with a winding contour imposed over an array of parallel lines. The items to be enumerated were small blocks that could be green or purple. In any display subjects were required to enumerate 1-8 blocks that were designated as targets while another 2-8 blocks that served as distractors. The items to be enumerated were specified by one of two conditions.
In the Connected condition subjects were required to enumerate items on a particular contour.
At the beginning of the trial subjects were provided a lateral fixation marker to tell them the starting point of the contour they were supposed to attend to. Subjects were required to visually trace the contour, enumerating blocks until they came to the end of the contour. Contours could be of three different lengths, ranging from short to long: 4 link, 5 link and 6 link. Distractors were defined as blocks that occurred after the break in the contour or on the orthogonal contour.
If attention is required to compute the connected relation then subjects should not be able to subitize the subset of connected items.
In the Color condition subjects were shown the same displays, and given the same lateral fixation point, but their task was to enumerate items of a particular color regardless of which contour it was on. Attention is not required to detect an item of a different color from other items; color is assumed to be a feature (e.g., Treisman & Gelade, 1980) . Because preattentive information distinguished target items from di s t r a c t o r s s u b i t i z i n g w a s p r e d i c t e d in the Color condition.
(Once again the reader is referred to Trick & Pylyshyn (1993a) or the summary in Trick & Pylyshyn (1993c) .)
There was clear evidence of subitizing in the Color condition. All subjects had the appropriate deviations from linearity. In contrast, there was little evidence of subitizing in the Connected condition; there was only one deviation from linearity, for one subject at the intermediate contour length only. Moreover, in the Connected condition, latencies were affected by the length of the contour. In the Color condition the contour length (though it did not define the set to be enumerated) did not affect enumeration latencies.
Thus, subitizing was not evident when a spatial relation was superimposed on the enumeration task, and that spatial relation forced spatially serial processing. Nonetheless, subjects could subitize the same displays if the task were to enumerate items of a particular color, a task that did not require spatially serial processing.
The final experiment in this series involved rapid visual search. As we have already seen in the discussion of the Burkell & Pylyshyn (1993) cued search experiments, attention is not required in order to detect the presence of an item that differs from others by a single primitive feature (feature search) or by a disjunction of features (disjunction search), but is required in order to locate an item that differs from others in the display by a conjunction of features (conjunction search). Consequently this search task provides another way to test for whether subitizing occurs when attention is required by the individuation task. In Trick and Pylyshyn (1993a) a search task was superimposed on an enumeration task. Subjects were required to enumerate items in a field of distractors. There were two conditions. In the Disjunction condition subjects were required to enumerate white OR vertical lines in green horizontals. In the Conjunction condition subjects were required to enumerate white vertical lines in green vertical and white horizontals. There were 0-8 target items, and 0-20 distractor items.
Subitizing was always evident when there were no distractors in the display. However, 9 of the 10 subjects were capable of sub i t i z i n g e v e n w i t h 1 2 a n d 20 distractors in the Disjunction condition. In contrast, there was little evidence of subitizing in the presence of distractors in the Conjunction condition; 0/10 and 1/10 showed the telltale slope deviations in the 12 and 20 distractor conditions respectively. The slope of the RT vs number of distractors function also differed markedly in the two conditions. Each distractor added approximately 65 msec to the time to enumerate 1 item in the Conjunction condition whereas each distractor only added 6.2 ms in the Disjunction condition.
As we have already remarked, search experiments slopes of less than 10 ms/distractor are often taken as indications of spatially parallel (preattentive ) processing, and slopes in excess of 10 ms/ distractor as indications of spatially serial (attentive) processing. From this criterion, processing of distractors seems to be spatially serial in the Conjunction condition and spatially parallel in the Disjunction condi t i o n . I t a p p e a r s t h e n t h a t s u b j e c t s are able to subitize targets which are distributed among distractors when spatially serial analysis is not required to distinguish targets from distractors, as in the disjunction condition, but are incapable of subitizing targets among distractors when spatially serial analysis is required to distinguish targets from distractors, as in 4 the Conjunction condition.
These studies argued that subitizing uses a preattentive mechanism which indexes items to be subitized and which therefore does not require scanning. Another way to test whether attention scanning or attention zooming comes into play in these low cardinality enumeration phenomena is by manipulating attentional focus or attentional spread in preparation for enumeration. One way to manipulate where attention is focused, and perhaps also how widely it is focused, is by using a "cue validity" paradigm. In the cue validity study subjects are required to make a perceptual decision, e.g. press one key if there is a "B" in the display and another if there is a "D" under conditions in which they know beforehand both when and where a stimulus will appear (Valid cuing) or in which they only know when the stimulus will appear (Neutral cuing).
i
information about where it will appear. Typically, subjects are faster and more accurate at making perceptual decisions if they are given correct information about where the stimulus will fall. Performance is thus best in the Valid condition, followed by the Neutral and Invalid conditions. This finding has been interpreted as evidence that a processing focus, the "spotlight of attention" is moved through the stimulus array in response to subjects' expectations about where the target item will appear.
In Trick and Pylyshyn (1993b) a cue validity paradigm was combined with an enumeration task.
The goal was to show first that subitizing would be possible whether attention was focused on a Five cue validity experiments were performed. In all of them subjects were required to count 1-8
items. The first study used colored rectangles to cue the area in which dots were to appear.
There was one rectangle in each corner of the display: Cuing rectangles preceded the dots by 128 msec. In the Neutral condition all the rectangles were the same color. In the Valid and Invalid conditions, one rectangle was a different color from the others. The position of this rectangle predicted with 80% accuracy the position of the dots. The remaining four studies involved small alternations of this basic design, allowing the effects of other variables, such as c e n t r a l ( e x o g e n o u s ) v e r s u s p e r i p h e r a l ( e n d o g e n o u s ) c u e s , a n d t h e p r e s e n c e o r a b s e n c e o f distractors to be investigated. These effects are described in Trick & Pylyshyn (1993b) and will not be discussed here.
The results were quite clear. In all experiments, and for all subjects, subitizing was evident in
Valid, Invalid and Neutral conditions. The necessity of contracting the attentional focus in the Valid and Invalid conditions did not prevent subitizing, or even restrict the subitizing range.
When cue validity had an effect, it was always a stronger effect when there was a large number of items. For example, when colored cuing rectangles were used there was no significant effect of spatial cuing in the 1-4 range, although there were significant effects in the 5-8 range. The average difference between invalid and valid latencies was 23 ms in the 1-4 range, as opposed to 125 ms in the 5-8 range. Consequently, the position of the attentional focus, as manipulated by spatial pre-cues, seems to have a greater effect in the counting range than the subitizing range, as would be expected if counting requires spatial attention. Similarly, in the other studies, when cues had any effect at all, the effect was stronger in the counting range than the subitizing range.
Indexing and the line-motion illusion
Finally, we have just begun a series of experiments which use a line-motion illusion reported by Hikosaka, Miyauchi and Shimojo (1991) , which is believed to be attention-sensitive. This technique allows us to investigate questions concerning resource limitations on simultaneous processing of multiple loci in a visual field, the automatic assignment of indexes to features, and to test other assumptions of the FINST hypothesis using a perceptual effect which minimizes the cognitive component of the task.
The illusory line motion phenomenon occurs when attention to a target induces the perception of motion of a line which is presented with that target as an endpoint. In its simplest form subjects are asked to fixate a marker. A trial begins as a cue onset exogenously draws attention. After a brief ISI, a line is instantaneously drawn with the onset cue as one if its endpoints. Subjects consistently report that the line was "drawn" away from the cue. This phenomenon has been used to explore the temporal characteristics and spatial extent of endogenous and exogenous attention (Miyauchi, Hikosaka, and Shimojo, 1992) . In the latter study, Miyauchi and colleagues used the illusion to cancel a real motion of the line in the opposite direction of the effect. The level of real motion that is cancelled by the illusion gave them a measure of the strength of the effect in a variety of situations. They used this technique to explore a number of attentional phenomena, but did not test the effect of multiple attentional cues.
In a series of studies carried out in our laboratory (Fisher, Schmidt, and Pylyshyn,1993) , subjects fixated the central point in a high-speed low persistence calligraphic display. A number of locations in the display were then cued with onset cues and then randomly probed for the occurrence of the illusion. Using this method we have been able to assess whether or not there are limitations on the number of loci of visual information processing, as well as the nature of those limitations. In the first experiment of this nature, displays consisting of 1 to 8 cues evenly spaced around an imaginary circle were used. Subjects maintained gaze on a fixation point in the centre of the display and all of the cues onset simultaneously for 250 msec. At this point, the cues were extinguished and a line was drawn from the fixation point out to the circle's circumference at a variable speed. On half the trials the line was drawn to the location where a randomly chosen cue had previously onset and on the other half of the trials the line was drawn to a location between where two randomly chosen cues had previously been. The line illusion was observed significantly more often in the former case than the latter, demonstrating that without the presence of a visual object, processing resources were not allocated.
The frequency of occurrence of the illusion was found to decrease as the number of cued locations in the display increased if the line was drawn to a cued location, whereas the opposite held true if the line was drawn between two cues. Looking at individual data (rather than averaging all subjects), there was a strong decline in the frequency of the illusion once a certain minimum number of cued locations were reached, providing support for the notion that there were a limited number of loci which were indexed and thus could be accessed for further processing -including the allocation of focused attention. The fact that processing could occur at any of a number of cued loci, coupled with the observation that it did not occur between cued loci presents problems for unitary accounts of attention, since they have no way to account for the allocation of the attentional resources within the display. A zoom lens explanation of these effects using a single large beam of attention is not plausible (Eriksen & St. James, 1986) , nor are the suggestions of an annulus of attention (Egly & Homa, 1984) , or of a moving attentional beam.
A similar study carried out by used the line motion illusion to assess the limits of processing at multiple loci. In this experiment, a set of 12 cues appeared evenly around the circumference of a circle and then some randomly selected subset of these cues, ranging in number from 0 to 12 underwent a luminance increment. The cues were extinguished 250 msec later, and a line was drawn equally often from the centre of the display to the locations of a cue that had or had not undergone a change.
As we saw with the Burkell & Pylyshyn (1993) results, FINST theory predicts that as long as the number of changes do not outnumber the availability of indices, potential parallel access should be guaranteed for those items undergoing the change, but not for those items that are not as salient. Consistent with these predictions, the results demonstrated that if the line was drawn to a cue that had not undergone a change, there was no difference in the proportion of trials for which the illusion was reported regardless of the number of changes in the display. However, for items that underwent a change the illusion was reported more often in displays that had fewer changes than in displays that had a larger number of changes. If the number of changes was less than a p p r o x i m a t e l y s e v e n , t h e n r e p o r t o f t h e i l l u s i o n o c c u r r e d a r o u n d 9 5 % o f t h e t i m e . T h e proportion of illusions reported for displays with a greater number of changes and with the line drawn to a cue that had undergone a change was as poor as if the line were drawn to a cue that had not undergone a change.
The results from this second study also demonstrated a breakdown in the number of loci that can afford potential parallel access to higher order processes. They also demonstrated that not only a sudden onset but also a brightening, which we independently believe attracts indexes (Burkell, 1992) was responsible for the difference in processing observed. Again, a theory of attention restricting itself to a single focus requires a method to access information at disparate and unpredictable locations in the visual field if it is going to account for the current data. FINST indexes could provide a method by which attention can access multiple loci to account for the current results.
A number of additional studies were also carried out using the line-motion illusion. Although the results are relevant to such questions as when an index is assigned to an item, they are not as germane to the main assumptions of FINST theory. They did, however show that indexes may be assigned to items that become more distinct in relation to their environment even though these items themselves do not change. Thus we do get the illusion most strongly to items that remain bright when the other items briefly become dimmer. We also get the illusion most strongly to the feature that is numerically in a minority in the display consisting of two types of features (horizontal and vertical bars) and this effect reverses when the same feature becomes the most common one in the display. These and other studies currently under way will help pin down some of the underdetermined aspects of the theory.
Conclusions
The notion that has motivated this research is the following. Prior to the allocation of limited attentional resources by the visual system a mechanism must first individuate a limited number of items in the visual field, maintain their individuality independent of their retinal position, and provide a way to directly access them for subsequent processing. We have presented evidence from several different areas which strongly suggests that whatever the facts may be concerning a unitary locus of processing, there is more going on in spatial access than the "single spotlight" view provides. In particular there must be a number of disparate, noncontiguous loci selected for special treatment by the early preattentive visual processor. These loci must be available potentially in parallel -i.e. they must be such that a parallel process could access them synchronically, much the way the retinal map is available and does not itself impose temporal constraints on accessing it. The loci are probably localized (punctate), though little is known about their extent nor the way in which they may interact or inhibit one another if they are spatially close together.
The evidence we have presented comes from multiple object tracking studies, cued search studies, subitizing studies, and illusory line motion studies. All this evidence converges on several basic properties of visual spatial attention which implicate the FINST indexing scheme.
One is that it is possible to track about 4 randomly moving objects and to keep them distinct from visually identical distractors, so that events taking place on the tracked targets can be q u i c k l y d e t e c t e d a n d i d e n t i fi e d . W h i l e t h e d a t a a r e c o m p a t i b l e w i t h t h e r e b e i n g a detection/identification process which serially visits each indexed location, the data are also univocal in showing that this could not be happening by a process of scanning attention across space from one object to another. They are also clear in showing that attention is not merely broadened to include a wider scope, since the advantage does not accrue to items within the general region occupied by the target items but only to the target items themselves.
The cuing studies go further in showing that several (up to 5) items can be precued from among a larger set and the cued items treated by the visual system as though they were the only ones in the scene. The selected set is searched in parallel (in the feature search condition) and in serial (in the conjunction search condition) whenever they would be so searched if they were the only items present. These studies also showed that if items of the precued set are visited serially, they are not searched for by a scanning process, inasmuch as greater spatial dispersion does not lead to slower responses. So once again neither a spatial scan view of access nor a zoom lens view of access fits the evidence. Something else is going on and we suggest that it is the availability of FINST indexes which allow direct access to the indexed subset.
The subitizing studies provide yet another body of converging evidence leading to the conclusion that a small set of direct-access links are available and that these are computed preattentively and in parallel by the early vision system. When the items are "popout" within a set -so that attentional scanning and searching is not required for individuating them -then these items can be subitized up to a set size of about 4 items. The directness of this access is confirmed both by the difference in enumeration speed for small set sizes when serial attention is and is not required, and also by evidence that subitizing is less sensitive to location precuing than is counting.
And finally we presented some preliminary evidence that for at least one visual illusion that is sensitive to locus of attention (the line motion illusion of Hikosaka, Miyauchi & Shimojo, 1991) , the illusion can be controlled simultaneously at several disparate locations -i.e. the illusion acts as though there were up to 6 loci of attention.
No one type of evidence is conclusive. The FINST idea, while extremely simple, and we believe plausible prima facie, is also a proposal concerning a fundamental preattentive visual mechanism which is never observed directly. The tasks described herein all require much more than an i n d e x i n g m e c h a n i s m t o p r o d u c e a r e s p o n s e . T h e y i n v o l v e d e c i s i o n a n d e n u m e r a t i o n a n d discrimination and response selection stages, all of which are likely to contain serial components.
Thus performance on these tasks -even when they demonstrate multiple and dispersed loci of p r o c e s s i n g a d v a n t a g e -c a n a l w a y Nonetheless, we submit that taken as a whole the evidence is most parsimoniously accounted for in terms of the hypothesis that there is an early stage in processing when a small number of salient items in the visual field are indexed and thereby made available through a primitive index-binding mechanism for a variety of visual tasks.
